Working memory, the ability to temporarily store and manipulate currently relevant information, is required for most cognitive faculties. In humans and other mammals, the prefrontal cortex (PFC) provides the underlying neural network for these processes. Within the PFC, working memory neurons display sustained elevated activity while holding active an internal representation of the relevant stimulus during its physical absence or retaining a motor plan for the forthcoming response. Working memory, however, is not a hallmark of higher vertebrates endowed with a neocortex. Birds also master complex cognitive problems invoking working memory, but they lack a laminated neocortex. Behavioral studies in pigeons show that the neostriatum caudolaterale (NCL) plays a central role in executive functions, such as working memory and response control. For neurons in the NCL of pigeons, we show activity changes during the delay of a working memory task, which were similar to those observed in PFC neurons and were related to the successful holding of information in memory and to the subsequent behavior. Thus, although the anatomical and morphological structure of the neuronal substrate in birds is radically different from the mammalian neocortical architecture, the neuronal mechanisms evolved to master equivalent cognitive demands seem to be very similar.
The prefrontal cortex (PFC) is the essential structure in humans and other mammals for generating working memory (Funahashi and Kubota, 1994; Goldman-Rakic, 1996; Fuster, 1997) . Most characteristic of its properties and its role in working memory is the activation of pyramidal cells while stimulus-or task-relevant information is actively maintained over a delay period or while sustaining a motor plan for future actions (Kubota and Niki, 1971; Fuster, 1973; Funahashi et al., 1989; Miller et al., 1996; Rainer et al., 1999; Sawaguchi and Yamane, 1999) . Accordingly, prefrontal lesions cause severe deficits in various kinds of working memory tasks (Petrides, 2000; Rowe et al., 2001) . Prefrontal functions in cognitive processes also depend on the dopamine system, which exerts modulatory influence onto PFC neurons through dopaminergic innervation from the ventral tegmental area (Arnsten, 1998; Goldman-Rakic, 1999) .
Working memory, however, is not a unique ability of higher vertebrates endowed with a neocortex. Birds master numerous tasks invoking working memory (Healy and Krebs, 1992; Mogensen and Divac, 1993; Regolin et al., 1995; Knudsen and Knudsen, 1996) . Lesion studies in pigeons have shown that the neostriatum caudolaterale (NCL), a multimodal region in the posterior forebrain, is crucially involved in executive functions, such as working memory and response control (Mogensen and Divac, 1993; Güntürkün, 1997; Hartmann and Güntürkün, 1998; Güntürkün and Durstewitz, 2000) . Note that the term "striatum" used in the nomenclature of avian forebrain areas is a misnomer of historical comparative neuroanatomy. The avian neostriatum is not equivalent to the structure with the same name in mammals but is a pallial forebrain component. Functional similarities between NCL and PFC are evident in the rich dopaminergic innervation from the midbrain (Waldmann and Güntürkün, 1993; Divac et al., 1994; Durstewitz et al., 1999) . As in the mammalian PFC, dopamine acting via D1 receptors in the NCL appears to be essential for optimal working memory performance in pigeons (Güntürkün and Durstewitz, 2000; Diekamp et al., 2001) . Anatomical studies show correspondence in the pattern of afferent and efferent connections of the NCL and of the mammalian prefrontal system . Task-related activity of NCL neurons has been described previously in a neurophysiological study, in which pigeons were trained in a go-nogo task (Kalt et al., 1999) . However, it is not clear whether the NCL is capable of generating working memory-related activity.
We aimed to investigate the delay activity of single neurons in the NCL of pigeons performing a visual delayed go-nogo task with a well defined working memory component. In this task, the brief presentation of a colored stimulus followed by a short delay instructed the pigeons to execute or withhold beak movements after the delay period. Thus, in this conditional visuomotor task, pigeons were required to either remember the previously presented color during the delay or retain the associated action to manage the task.
MATERIALS AND METHODS
Subjects. Three adult pigeons (Columba livia) were used in this study. For surgery, they were anesthetized with ketamine (40 mg / kg, i.m.) and xylazine (8 mg / kg i.m.). A recording chamber was positioned and implanted stereotactically over the posterolateral skull overlying the NCL (Karten and Hodos, 1967) . In addition, a head-fixation block was implanted medially to the recording chamber. After a few days of recovery, the animals were put on a water control schedule, i.e., animals were deprived of water for 24 -36 hr before each training and recording session. Additionally, animals had access to water ad libitum in their home cage for 20 min after each session. Food was always available ad libitum in their home cage. The procedures were in f ull compliance with the guidelines of the National Institutes of Health for the care and use of laboratory animals and were approved by a national committee (North Rhine-Westphalia, Germany).
Behavioral task . Pigeons performed a visual delayed go -nogo task ( Fig.  1 A) . They were restrained by a loose cloth bag and placed on a foam couch in front of a translucent screen. Their head was fixed, and pigeons indicated their response by opening the beak or by suppressing beak openings during the response interval. Movements of the beak were monitored with an infrared light gate. Each trial began with the 500 msec presentation of a colored stimulus (randomly red or green; stimulus size of 35°of visual angle) on the screen located in front of the pigeon, followed by a delay indicated by a small white light (4°) below the stimulus screen. Both stimuli could be detected by the animal with the eyes placed in lateral viewing position and without shifting gaze. The delay period remained constant in a block of 40 -60 trials but varied from 0.8 to 1.6 sec between blocks of trials and sessions, depending on the performance of the individual. At the end of the delay period, the white delay light was switched off, and the pigeon was required to respond within a 2 sec response period. In go trials, the animal had to open and close its beak five times during the response period. Correct responses in go trials ("hit") were rewarded with a small amount of water delivered into a small aluminum container (0.8 cm 3 ) that was placed below their beak. Incorrect go trials ("miss") had no consequences. Beak movements during the response period of nogo trials ("false alarm") led to a mild penalty consisting of a 3 sec time-out with all lights turned off, whereas the suppression of beak movements in nogo trials ("correct rejection") again had no consequences. Thus, to manage the task successf ully, pigeons were required to either remember the previously presented color during the delay or form and maintain a motor plan for f uture actions. To control for the visual stimulation during the delay, the white light was also presented during the intertrial interval, 4.5 sec after the reward or 2.0 sec after the end of the response period. The analysis of behavioral and neural activity in response to the white light during the delay and during this control period was used to assess whether sensory stimulation without working memory load was sufficient to evoke neuronal responses. Trials lasted ϳ9 sec; intertrial intervals were 5-10 sec.
Recording techniques. E xtracellular activity was recorded from single cells with glass-insulated platinum -iridium electrodes using standard electrophysiological techniques (Kalt et al., 1999) . Neural signals were amplified, filtered, and stored for off-line cluster analysis (DataWave Technologies, L ongmont, C O) to isolate single units from noise or in a few cases to separate two units recorded from the same electrode. For each neuron, data were sampled over 30 -60 go and nogo trials, which were presented in random order.
Data anal ysis. For each neuron, changes in neuronal activity related to the task were assessed by comparing the spike rates (spikes per second) during specific intervals of the task, using two-tailed t tests for correlated means. Neuronal responses during the delay interval were compared with spontaneous activity (no stimulus, no working memory load) and with spike rates recorded during the control period (identical stimulus, no working memory load). For all neurons, an ANOVA was performed on the average response rates. Different time intervals during each trial (spontaneous activity, stimulus, delay, response, and control interval) and response categories (hit, miss, correct rejection, and false alarm) were used as factors to analyze the effects on the activity of cells. Results were evaluated at p Ͻ 0.05, and, if appropriate, post hoc multiple comparisons (T ukey's test) were applied.
To show the time course of changes in neuronal activity for the different response categories, we calculated normalized average population histograms. Spike counts for each 50 msec bin were normalized by the spontaneous activity of each cell and expressed as a percentage. Separate histograms were calculated for each population of neurons tested with the same delay duration.
To analyze the delay activity in relation to the animal's behavior, we calculated separate Pearson's correlation coefficients between the firing rate of neurons during the delay period and the latency of the fifth mandibulation (leading to the delivery of reward) for each neuron. The correlation coefficients were then subjected to a one-sample Wilcoxon signed rank test to determine whether the mean correlation significantly deviates from zero, indicating a relationship between neuronal delay activity and the response latency of the pigeon.
Histolog y. On the last day of recordings, electrode tracks were marked with DyeI (Snodderly and Gur, 1995) . Animals were deeply anesthetized with Equithesin (0.31 ml /100 gm, i.m.) and perf used intracardially. Brains were cut at 40 and 100 m, mounted, and stained with cresyl violet and 4Ј,6Ј-diamidino-2-phenylindole, respectively. Electrode tracks and recording sites were localized in stained sections of the brain by histological verification under fluorescence and light microscopy and by stereotaxic reconstruction. Neuronal data were sampled from locations covering the complete extent of the NCL.
RESULTS
The pigeons were well trained and reached an average performance of 75 Ϯ 9% (mean Ϯ SD) correct trials during recording sessions. Most errors were based on the failure to respond to go trials, i.e., miss trials (20%), and rarely on false alarms (4%). While animals were performing the task, extracellular activity of 163 neurons located inside the NCL (Fig. 1 B) was recorded. Analysis of neuronal activity revealed that 34 (21%) of these neurons significantly changed their firing rates during the delay period compared with spontaneous activity (t tests; all p Ͻ 0.05). Neuronal delay activity of these neurons was also significantly different from the activity during the control period. This is proof that changes in firing frequency were not caused by visual stimulation through the white indicator light during the delay but most likely were related to working memory processes necessary to execute or suppress the behavioral response at the end of the delay period.
The majority of the delay neurons (n ϭ 19) expressed enhanced activity during the delay period of go trials, with no changes in firing rates occurring in corresponding nogo trials (Fig. 2) . The time course of neuronal activity typically showed a distinct peak in the middle of the delay period or increasing activity toward the end of the delay. The activity of these NCL units was not simply related to the following motor behavior, because the neurons showed no or only minor changes in their discharge rate preceding or during beak movements occurring in the intertrial interval or control period of the task (Fig. 2) . Enhanced delay activity in nogo trials was found in two neurons. Thirteen neurons had significantly reduced firing rates during the delay period, six of which were suppressed during the delay of go trials and seven neurons during nogo trials.
An ANOVA performed on all neurons with enhanced delay activity revealed that changes in firing rates were related to the time interval during each trial (F (4,72) ϭ 12.5; p Ͻ 0.001) and response category (F (3,54) ϭ 6.4; p Ͻ 0.001), with a significant interaction between these factors (F (12,216) ϭ 7.5; p Ͻ 0.001) (Fig.  3A) . Neurons showed relatively stable spike rates throughout the entire trial in the case of unsuccessful go trials (miss). The same was true for all nogo trials, in which the animals did (false alarm) or did not (correct rejection) respond. A modulation of activity was only observed in successful go trials (hit), in which spike rates were significantly elevated during the delay interval compared with all other intervals and response categories ( post hoc Tukey's test; p Ͻ 0.01). A less pronounced but still significant increase in activity was also evident during the response interval of successful go trials ( post hoc Tukey's test; p Ͻ 0.05).
Normalized average histograms of the firing activity of NCL neurons during the task show a clear relationship between the task requirements and the behavior of the animals (Fig. 3B) . Elevated activity during the delay period was observed especially in those trials in which stimulus information or motor actions were successfully retained and in which pigeons were required to activate a motor program. Accordingly, activity patterns during the delay and response period of successful go trials (hit) differed significantly from those of successful nogo trials (correct rejection), when pigeons were not required to activate a motor program and therefore were not necessarily required to memorize the stimulus. Activity changes were less pronounced in miss and false alarm trials. The increase in activity at the beginning of the response period in the case of false alarms might be explained by the activation in preparation of the erroneously performed motor act. The slight enhancement in spike activity during miss trials was probably attributable to the subthreshold activation of the network, which, however, did not suffice to ignite the motor response. Some NCL neurons also showed a minor increase in activity after the response period, which could present an output signal from the NCL.
A relationship between the neuronal activity and the animal's behavior is also evident from the distribution of correlation coefficients between the neuronal firing rate during the delay and the latency of the animal's response (Fig. 3C) . The distribution of correlation coefficients significantly differed from zero (onesample Wilcoxon signed rank test; Z ϭ 2.9; p Ͻ 0.004). For the overwhelming majority of neurons, the correlation values were negative, indicating that high neuronal delay activities were followed by a fast behavioral response.
DISCUSSION
This study, for the first time, shows that the activity of single neurons in birds is modulated during working memory processes. While birds were performing a visual go-nogo task, firing rates of NCL neurons changed during the delay period. This principal pattern of neuronal activation is suitable for carrying information related to the stimulus or to the pending motor response. It is comparable with that recorded from PFC neurons (Kubota and Niki, 1971; Fuster, 1973 , Funahashi et al., 1989 Funahashi and Kubota, 1994; Goldman-Rakic, 1996; Miller et al., 1996; Sawaguchi and Yamane, 1999; Rainer et al., 1999) or other associative forebrain areas (Miyashita and Chang, 1988; Quintana and Fuster, 1992) in primates during the delay period of working memory tasks.
In addition, we show that neuronal activity was increased in particular during the delay of successful go trials but not in nogo trials. A relationship between the neuronal discharge during the delay and the behavioral performance of correct versus error trials has also been reported for prefrontal units and the delay task performance in monkeys (Fuster, 1973) . In the behavioral paradigm used in the present study, nogo trials may have reduced or no memory demands, because no reward could be earned and no motor response had to be executed after the delay. Thus, the large differences in neural activity observed during the delay of hit trials compared with nogo trials add to the notion that delay activity of NCL neurons indeed represents the neural correlate of working memory. Moreover, it shows that the activity of these neurons during the delay period is not a delayed response to the visual stimulus, because the same colored stimulus elicited disparate responses in hit and miss trials. Neurons within the NCL responding to a visual stimulus while pigeons were performing a similar task had latencies of Ͻ200 msec and responded within the stimulus interval (Kalt et al., 1999) .
The smaller changes in neural activity in false alarm trials are most likely related to sensorimotor components of the task and might represent the forthcoming intended movement (Funahashi and Kubota, 1994; Fuster, 1997) . Indeed, delay activity of PFC neurons is not only related to the representation of sensory information during working memory but also to the impending motor response (Funahashi and Kubota, 1994; Fuster, 1997; Kim and Shadlen, 1999; Rainer et al., 1999 , Constantinidis et al., 2001 . However, because motor responses executed by the pigeons in hit trials and false alarm trials were identical, consisting of five beak openings, the much larger observed delay activity in hit trials does not purely reflect the preparation of the motor reaction but, to a large extent, also relates to the sensory representation of the perceived stimulus. Our present data allow no definite answer to which of these representations predominate in the delay activity of NCL neurons. However, in both cases, the discharge bridging the gap between stimulus presentation and motor response is clearly task related and functions in working memory for generating goal-directed behavior. The smaller increase in activity after the response period found in some NCL neurons strongly resembles activity corresponding to output signals recorded from neurons in the mammalian PFC (Funahashi et al., 1989; Funahashi and Kubota, 1994; Fuster, 1997) . The relationship between the magnitude of single-unit activity during the delay and the latency of the subsequent response underlines the behavioral relevance of the investigated cellular responses (Rainer et al., 1999) . Neuronal activity during the delay period does not merely reflect stimulus attributes but also predicts the reaction time of the operant response.
In summary, the characteristics of neuronal discharge activity in the pigeon NCL during a delay task, as shown in this and a previous study (Kalt et al., 1999) , appear to cover all components of working memory, including sensory coding and reward expectancy, mnemonic processes, and motor preparation. Taking into consideration the detrimental effects of NCL lesions on working memory performance (Mogensen and Divac, 1993; Güntürkün, 1997; Hartmann and Güntürkün, 1998) and the neuronal data presented above, the elevated firing patterns observed during the delay period most likely constitute a neuronal correlate of working memory processes in the avian brain.
The discharge properties of NCL neurons might be shaped by the unique properties of the network. Both NCL and PFC are multimodal telencephalic structures defined by a similar set of efferents and afferents, especially from secondary sensory areas and a multisensory thalamic nucleus (Fuster, 1997; Kröner and Güntürkün, 1999) . Another distinct feature of this network is its dopaminergic innervation (Waldmann and Güntürkün, 1993; Divac et al., 1994; Durstewitz et al., 1999; Goldman-Rakic, 1999) , which modulates neural activity and appears to be crucial for working memory functions and goal-directed behavior (Goldman-Rakic, 1996; Güntürkün and Durstewitz, 2000; Hollerman et al., 2000) . Based on these data and lesion studies, showing that the NCL plays a central role in delay and reversal tasks that assess working memory (Mogensen and Divac, 1993; Güntürkün, 1997; Hartmann and Güntürkün, 1998) , the NCL has been hypothesized to be functionally similar to the PFC of mammals (Mogensen and Divac, 1993; Divac et al., 1994; Güntürkün, 1997; Hartmann and Güntürkün, 1998; Kröner and Güntürkün, 1999) , although NCL and PFC are very likely not homologous structures (Veenman et al., 1997; Kröner and Güntürkün, 1999) .
Bearing in mind that the unlayered anatomy of the avian forebrain differs substantially from mammalian neocortex (Durstewitz et al., 1999; Kröner and Güntürkün, 1999) and that genetic expression data during the mammalian neocortical development seem to radically differ from those of the NCL (Puelles et al., 1999) , it is tempting to conclude that the observed similarities of neuronal response patterns in NCL and PFC might have evolved independently from each other. As a consequence, equivalent neuronal information processing solutions might have emerged Figure 3 . Activity of delay neurons during the go-nogo task. A, Average Ϯ SEM spike rates across all cells (n ϭ 19) with enhanced delay activity for the four response categories and different time intervals during the task in which the average performance was 78% correct trials. The neural activity of each unit was normalized to spikes per second, taking into account differences in the length of the intervals and the different number of trials that went into each condition. A total of 310 hit, 179 miss, 452 correct rejection, and 34 false alarm trials were analyzed. B, Normalized population average histograms for each response category calculated for all neurons (n ϭ 8) tested with a 800 msec delay interval show a clear enhancement in activity during the delay of successful go trials. Neural activity is expressed as percentage relative to the spontaneous activity of each cell, which was defined as 100% and taking into account the different number of trials for each cell in each category. C, Cumulative histogram of correlations between neuronal delay activity and latency of the behavioral response leading to reward. Arrows show the median correlation coefficient and the zero value against which the distribution was tested.
